A full ring is a form of galaxy morphology that is not associated with a specific stage on the Hubble sequence. Digital sky surveys can collect many millions of galaxy images, and therefore even rare forms of galaxies are expected to be present in relatively large numbers in image databases created by digital sky surveys. Sloan Digital Sky Survey (SDSS) data release (DR) 14 contains ∼ 2.6 · 10 6 objects with spectra identified as galaxies. The method described in this paper applied automatic detection to identify a set of 443 ring galaxy candidates, 104 of them were already included in the Buta + 17 catalogue of ring galaxies in SDSS, but the majority of the galaxies are not included in previous catalogues. Machine analysis cannot yet match the superior pattern recognition abilities of the human brain, and even a small false positive rate makes automatic analysis impractical when scanning through millions of galaxies. Reducing the false positive rate also increases the true negative rate, and therefore the catalogue of ring galaxy candidates is not exhaustive. However, due to its clear advantage in speed, it can provide a large collection of galaxies that can be used for follow-up observations of objects with ring morphology.
INTRODUCTION
The deployment of autonomous digital sky surveys has enabled the creation of very large databases of galaxy images, and therefore even very rare types of galaxies are assumed to be present in these databases. One of the less common types of galaxies is ring galaxies. Ring galaxies can be separated into several different types (Buta & Combes 1996) such as bar-driven or tidially-driven resonance rings (Buta 2000) , collisional rings (Appleton & Struck-Marcell 1996) , polar rings (Whitmore et al. 1990; Macciò et al. 2005; Reshetnikov & Sotnikova 1997; Finkelman et al. 2012; Reshetnikov & Combes 2015) , "Hoag-type" rings (Hoag 1950; Brosch 1985; Schweizer et al. 1987) , and spiral galaxies with ringed bars (Buta et al. 2001 ).
Ring galaxies can be classified by their visual morphology into three major sub-classes (Theys & Spiegel 1976) : Empty rings (RE), rings with off-centre nucleolus (RN), and rings with knots or condensations (RK). Another classification scheme for ring galaxies based on their visual appearance separates ring galaxies into "O-rings", which have a smooth ring structure and a nucleolus in its centre, and ''Ptype" rings, which have a knotty structure or a nucleolus that is not in the centre of the ring (Few & Madore 1986 ). E-mail: lshamir@mtu.edu Some ring galaxy catalogues were created using manual analysis of the galaxies in the past six decades. The catalogue of peculiar galaxies of Arp (1966) includes two empty ring galaxies, and the Arp & Madore (1988) catalogue includes 69 ring galaxies. Struck (2010) prepared a catalogue of a dozen colliding ring galaxies from SDSS based on reports of volunteers in the Galaxy Zoo on-line forum. The Whitmore et al. (1990) catalogue included 157 polar ring galaxy candidates, and several of these galaxies were confirmed as polar rings (Finkelman et al. 2012) . Madore et al. (2009) released an atlas of collisional rings. Garcia-Ribera et al. (2015) identified 16 polar ring galaxy candidates. Buta (1995) collected a set of Southern ring galaxies. Moiseev et al. (2011) and (Buta 2017) used citizen science annotations and classifications to identify ring galaxy candidates by using the Galaxy Zoo 1 and Galaxy Zoo 2 databases, respectively. These catalogues are efficient in the sense that they have good detection accuracy due to the superior ability of the human brain to analyze galaxy morphology, but because they require very intensive labour, even when using a large number of volunteers it is difficult to perform an exhaustive analysis of the entire image databases collected by modern digital sky surveys. That bandwidth limitation will be magnified when more powerful sky surveys such as LSST see first light. Timmis & Shamir (2017) used computer analysis to release a catalogue of 186 automatically identified ring galaxy candidates in PanSTARRS.
As digital sky surveys become increasingly more powerful, it is clear that manual analysis of the images is not sufficient for comprehensive detection of ring galaxies among millions of galaxy images. That reinforces the use of automation to detect ring galaxies. The ability to identify galaxy morphology automatically can lead to much larger collections of ring galaxies, which can also be useful when more powerful digital sky surveys such as LSST start to collect data.
GALAXY IMAGE ANALYSIS METHOD
The data source used in this study is the set of galaxies with spectra in SDSS DR14. SDSS DR14 contains a total of ∼ 4.8 · 10 6 IDs of objects with spectra, and ∼ 2.6 · 10 6 of these objects are labeled by SDSS pipeline as galaxies. The mean redshift of these galaxies is 0.38 (σ=0.24), and the mean g magnitude is ∼20.56 (σ=2.09). The image of each galaxy was obtained by using the cutout service of SDSS as was done in (Kuminski & Shamir 2016) . In summary, the images are downloaded as 120×120 JPG colour images. Since galaxies have different sizes, each galaxy was downloaded several times until 25% or less of the pixels on the edges of the image have gray value of less than 125. The initial scale was set to 0.25" per pixel, and it increased by 0.05" until 25% or less of the pixels on the edges are not bright, which means that the galaxy fits inside the image (Kuminski & Shamir 2016) .
The JPG images are used because they combine information from the different bands, providing a simple image format that contains information about the morphology of each object in a manner that is easier to process by machine vision. While the original FITS format allows to make accurate photometric measurements, that accuracy is not required for machine vision systems for the purpose of broad morphological analysis. Therefore, the simple JPG format provides an efficient mechanism for both manual (Willett et al. 2013 ) and automatic (Dieleman et al. 2015; Kuminski & Shamir 2016) analysis.
Downloading that large dataset of galaxy images required ∼16 days. The image analysis method is similar to the method used in Timmis & Shamir (2017) . Each image was converted to a binary map such that all pixels above the threshold were set to 1, and the pixels below the threshold were set to 0. The initial threshold was set to 50, and increased by five until it reached 200.
For each threshold, the image is inverted, and a 4connected labeling algorithm is applied to label all objects in the inverted image. If more than one object is detected, it means that the image contained background areas that are inside foreground objects, and therefore could be rings. Since a galaxy can contain many small ares inside the arms, if the size of the background area is less than 10% of the foreground galaxy the algorithm ignores that background area and does not consider it as a ring candidate. The algorithm is implemented as part of the Ganalyzer galaxy image analysis tool (Shamir 2011a,b) .
RING GALAXY CANDIDATES
The method described in Section 2 and also explained in (Timmis & Shamir 2017) detected ring galaxy candidates, as listed in Table 1 . The galaxies are provided with their catalogue number, right ascension and declination of each object.
The images of the galaxies are shown by Figures 1, 2 , 3, 4, and 5, showing candidate resonance ring galaxies, collisional rings, rings with an off-centre nucleus, rings with no obvious nucleus, and other rings, respectively. The galaxies in the catalogue were compared to the catalogue of 275 polar ring galaxy candidates in SDSS (Moiseev et al. 2011) . That catalogue showed 23 galaxies with a full ring that fit the morphology of the target galaxies shown in Table 1 . The catalogue IDs of these galaxies are 7, 239, 240, 241, 243, 244, 245, 246, 249, 253, 254, 255, 256, 259, 260, 261, 263, 265, 267, 268, 270, 272, 274 . Comparison to the galaxies in Table 1 shows that none of these galaxies were also included in Table 1 . Therefore, Table 1 is clearly not a complete set of all SDSS galaxies with a full rung morphology, and many relevant galaxies with a full ring still exist in the SDSS database.
Comparing to the ring galaxies identified by Struck (2010) , one (CGCG 222-022) of the 12 ring galaxies is included in this catalogue. The fact that just one galaxy is included in the catalogue shows that many more ring galaxies still exist in the SDSS database.
The list of automatically identified galaxies was also compared to the ring galaxies that were identified in SDSS by using citizen science (Buta 2017) . The Buta (2017) catalogue contains 3,962 galaxies that volunteers identified manually by visually inspecting the images through an on-line web-based platform. From the 443 galaxies identified automatically, 104 are included in the Buta (2017) catalogue. The careful manual inspection process used in (Buta 2017) is clearly more accurate than any existing computer algorithm. However, the manual classification and annotation requires substantial labour, and therefore less than 3 · 10 5 galaxies were examined. The method described in this paper is automatic, and was applied to a much larger dataset of ∼ 2.6·10 6 galaxies, and therefore includes very many galaxies that were not examined by Buta (2017) .
It can be expected that many of the objects listed in Table 1 have been identified previously and are part of existing catalogues. Table 2 shows the ring galaxy candidates that were also identified in previous studies.
Distribution and photometry of the ring galaxy candidates
As mentioned in Section 2, the galaxies in the catalogue described in Section 3 are galaxies detected among the subset of SDSS DR14 galaxies that have spectra. The galaxies included in the Buta (2017) catalogue are also galaxies with nuclear spectra. Because the galaxies are galaxies with spectra, their distribution in the sky is not uniform, but a distribution that corresponds to the spectroscopy survey of SDSS DR14. Therefore, the majority of the ring galaxy candidates are in the RA range of 120 o -240 o . Figure 6 shows the distribution of the galaxies in Table 1 combined with the galaxies of the Buta (2017) catalogue by their redshift. The figure shows the number of galaxies, as well as their frequency among the galaxies with spectra in DR14 in the same redshift range. The Petrosian radius of all galaxies is larger than 5.5", which is large enough to allow the identification of the galaxy morphology (Timmis & Shamir 2017) . The graph shows that the frequency of the ring galaxy candidates in the catalogue starts to decline when the redshift is higher than 0.08. That can be explained by the less detailed morphology of the imaged galaxies when the redshift gets higher, which does not allow clear identification of morphological details such as the presence of a full ring. The low frequency in the 0-0.02 range can be explained by a higher number of objects misidentified as galaxies by the SDSS pipeline, but are in fact not extra-galactic objects. In any case, in the redshift range of 0-0.02 the number of detected ring galaxy candidates is very small, and does not allow meaningful statistical analysis. Figure 7 shows the distribution of the ring galaxy candidates in Table 7 . As the graph shows, the distribution is not substantially different from the distribution in the Buta (2017) catalogue. Figure 8 shows the colour differences between the ring galaxy candidates including the galaxies of the Buta (2017) catalogue, and all other DR14 galaxies with spectra and Petrosian radius larger than 5.5". The graph shows that the ug, r-i, and i-z declined with the increase in redshift for the galaxies identified as ring galaxies. That decline is in opposite trend to the other galaxies with spectra and Petrosian radius larger than 5.5". Also, the colour of the ring galaxy candidates changed in a more moderate manner with the redshift compared to the general galaxy population in SDSS DR14. That can be explained by the more morphologically homogeneous population in the set ring galaxy candidates, compared to the population of galaxies in SDSS. It should be noted that the majority of ring galaxy candidates are selected from the Galaxy Zoo 2 dataset, which are not a random selection of galaxies. Figure 9 shows the colour differences between the ring galaxies in Table 1 and the other SDSS DR14 galaxies with spectra, and Petrosian radius larger than 5.5". The graphs show no significant differences between the colour of the ring galaxy candidates and the colour of other galaxies, with the exception of the u-g colour. The u-g of the ring galaxy candidates is lower in all redshift ranges compared to the u-g colour of the other galaxies in SDSS DR14 that have Petrosian radius larger than 5.5". The mean u-g of the ring galaxy candidates is 1.482±0.018, while the mean u-g of all other DR14 galaxies with Petrosian radius larger than 5.5" is 1.572±0.0007, and therefore the difference is statistically significant (P < 0.001). The difference in the blue colour can be explained by the fact that rings in star-forming galaxies have a larger visible contract, and therefore can be detected more easily in distant galaxies compared to the redder rings in the same redshift ranges. That can therefore increase the number of blue galaxies among ring galaxies compared to the general galaxy population.
The graphs also show substantial difference in all colours for galaxies in the redshift range of 0-0.02. That can be explained by stars identified by error as galaxies in the SDSS photometric pipeline. However, due to the small number of ring galaxies in that range no meaningful statistical analysis of the difference is possible. It should be noted that the galaxies in the Buta (2017) catalogue are bright and large objects selected by Galaxy Zoo 2, and are much larger than the objects in Table 1 . The mean Petrosian radius (r band) of the galaxies in the (Buta 2017) is ∼19.28", while it is ∼9.67" for the galaxies in Table 1 . Figures 1, 2, 4 , and 3.
LIMITATIONS OF THE METHOD
The method used in this study aims at analyzing very large databases of galaxy images that might be too big to analyze manually, even when using crowdsourcing. That can only be done by automation. However, due to the very large databases of galaxy images, even a small false positive rate can lead to a very large number of false positive instances that becomes very difficult to handle manually. For instance, in the database used in this paper an algorithm with detection accuracy of 99% (which is normally considered extremely high in machine vision standards), would generate a dataset of ∼ 2.6 · 10 5 false positives. Therefore, a practical application of the method requires to minimize the false positive rates. Since machine vision clearly does not meet the accuracy level of the human brain, achieving a low false positive rates require the sacrifice of some of the true positives.
As mentioned in Section 2, pixels below the threshold level of 50 were considered not sufficiently bright and were ignored. The JPEG threshold of 50 is in some cases high, and can lead to the exclusion of many ring galaxies such as the Hoag object (Schweizer et al. 1987 ), which has a clear but relatively dim ring compared to some other ring galaxies. However, lowering the threshold leads to a high number of false positives. For instance, Figure 10 shows examples of objects that are not ring galaxies, but the algorithm would have flagged them as rings if a lower graylevel threshold Table 1 combined with the galaxies of the Buta (2017) catalogue. The line shows the number of galaxies in each redshift range, and the bars show the frequency in the entire galaxy population. would have been applied. Such objects are very common in the SDSS dataset, and many of them are flagged as galaxies by the SDSS photometric analysis pipeline. Since the method is designed to work with very large databases without the use of manual analysis, it sacrifices the detection of true positives, as even a small rate of false positives leads to an unmanageable output that requires a substantial step of manual analysis.
As discussed above, avoiding false positives is an important requirement, since due to the very large size of the database even a small false positive rate can make the method unusable. As a result, the detection method also has a high true negative rate, and many ring galaxies might not be detected by the method. To test the behavior of the methods and characterize the ring galaxies that it might fail to detect, ring galaxies from (Struck 2010 ) that were not detected by the method were examined. Figure 11 shows the first galaxies from the (Struck 2010 ) Galaxy Zoo sample that were not detected by the method. The figure also shows the binary transformation of each image with different threshold levels.
For galaxies 2, 3, 5, and 6, a small background area surrounded by foreground pixels can be seen. However, these areas are smaller than 10% of the foreground, and therefore these galaxies are not flagged as ring candidates. In galaxies 1, 4, 6, and 8 part of the ring can be seen in the binary transform, but in none of the threshold levels the ring is complete in the sense that the background is completely surrounded by foreground pixels. For instance, in galaxy 4 the ring opens in the top right part of the galaxy. That happens because the ring is dimmer in that part, and the pixels in that part of the ring do not pass the threshold of the rest of the ring. In ring 6, the lower left part of the ring is dimmer than the rest of the ring, and therefore the ring cannot be detected by the method. In galaxy 3 the luminosity of the area inside the ring is not consistent, and therefore the ring is connected to the nucleus of the galaxy in the binary mask of the image. The same can also be seen in galaxy 5 and galaxy 2.
In galaxy 7, the ring is made of a slightly bluer colour, but the pixel intensity of the ring is not higher than the intensity of the pixels between the ring and the nucleus. Since the method first converts the pixels to grayscale, rings that are visible because they have different colour than the rest of the galaxy will not be detected.
These examples show that the method is mostly dependent on the consistency of the luminosity of the ring, as well as the part of the galaxy inside the ring. Rings that their luminosity varies might not be detected by the method because parts of the ring might not pass the luminosity threshold, leaving the ring in the binary mask open. The same is also for variation inside the ring. If the luminosity inside the ring varies, some parts inside the ring might pass the luminosity threshold and prevent the detection of the ring. Therefore, the method will not always detect ring galaxies that the luminosity of the ring or the parts inside it is not consistent across the different areas.
CONCLUSION
While ring galaxies are relatively rare, it can be assumed that the number of ring galaxies within a certain set of galaxies increases with the size of the dataset. The application of automatic identification can therefore allow the detection of such galaxies in very large databases, and is not limited by the availability of human resources that can scan the database manually. When much larger databases such as then Large Synoptic Survey Telescope (LSST) are collected, automatic detection will be able to identify many more ring galaxies.
The collection of ring galaxy candidates described in this paper is clearly not exhaustive, as evident by the differences between the galaxies in this catalogue and the galaxies in the catalogues of Moiseev et al. (2011) , Buta (2017 ), or Struck (2010 . Automatic analysis is still not as accurate as the human eye and brain, especially for the non-trivial problem of galaxy image analysis. However, automatic analysis has the clear advantage of analyzing data much faster than any human or group of humans. The purpose of the approach Table 1 and all galaxies with Petrosian radius larger than 5.5".
[h] Figure 10 . Example of galaxies that would have been flagged as ring galaxies below a graylevel threshold of 50.
described in this paper is to analyze very large databases of galaxies, under the assumption that even a small true positive rate can lead to large catalogues of ring galaxies. Due to its higher sensitivity, the Buta (2017) catalogue of manually classified ring galaxies in SDSS already contains 104 of the galaxies identified in this study. But because the computer analysis method can scan much more galaxies with no cost of human labour, the vast majority of the galaxies identified in this study are not included in previous catalogues. It should be mentioned that the set of galaxies with spectra used as the initial database is not a completely random subset of SDSS galaxies, but selected by a certain algorithm (Reid et al. 2015) .
While manual analysis of galaxy morphology has provided good collections of ring galaxies, the labour-intensive efforts required to compile such catalogues reduce the total number of galaxies that can be analyzed. As digital sky surveys are becoming increasingly more powerful, it is clear that automation will be required to analyze these databases and turn them into data products that enable scientific discoveries.
[h] Figure 11 . Ring galaxies from Struck (2010) catalogue that were not detected by the method, and the binary transformation with different thresholds.
